2+ about the 3 axis were obtained from the simulation of 2 H NMR spectra. The jumping rate at infinite temperature and the activation energy were estimated from the temperature dependence of as 0 = 9 10 17 s 1 and a = 78 kJmol 1 , respectively. The II-III phase transition was found to be related with the freeze of this motion.
Introduction

Most of the [M(H 2 O)
] is known to exhibit successive phase transitions and to have five stable phases [1] . Denoting these phases as I, II, ..., V in order of decreasing temperature, phase II is an incommensurate phase. The crystal structure in phases II and IV has been investigated by diffraction methods [2 -5] . The space group of phase IV is 2 1 with = 2. The structure of phase II was specified as an arrangement of domains of different octahedra orientation with overall space group P3, although an analysis based on a modulated structure was not performed. The modulated structure was found by ESR spectroscopy to be a vibrational modulation of [Mg(H 2 O) 6 ] 2+ expressed by a plane-wave nearly along the 3 axis [1] . A further transition at 343 K was observed in the incommensurate phase [1, 7 -9] . 0932 6 ] 2+ was estimated. Moreover, the correlation between this motion and II-III transition was obtained. 
Experimental
The deuterated sample was obtained by repeated recrystallization from heavy water. A single crystal of a transparent white prism elongated along the 3 axis was obtained. It was found that the crystal axis is along the 3 axis and the and axes are perpendicular to the axis. The 2 H NMR spectra were measured by a CMX-300 spectrometer at 45.826 MHz. The sample was mounted on an uniaxial goniometer so as to allow rotation about a chosen axis perpendicular to the external magnetic field. A quadrupole echo sequence (90 --90 --acq) was used. The 90 pulse width and were 3.0 and 20 µs, respectively.
Results and Discussion
Figure 1(a) shows the angular dependences of the 2 H NMR quadrupole splitting, 2(∆ ), around the crystal , , and axes at 283 K (phase IV). Three 2(∆ ) which can be attributed to three unequal water molecules in [Mg(H 2 O) 6 ] 2+ were observed for each rotation. It is found that the electric field gradient (EFG) tensors for two deuterons in a water molecule are averaged by the fast 180 flip of H 2 O resulting in the same tensors [9, 12] and that inversion symmetry exists for [Mg(H 2 O) 6 ] 2+ at this temperature [2] . The fitting calculation for the rotation around the axis was performed with the equation [13] 2(∆ ) = 3 4 + ( ) cos (2 ) (1) + 2 sin (2 ) where is the angle between the axis and the external magnetic field 0 . ( = ) are the components of the EFG tensor in the crystal fixed frame. The equations corresponding to the rotations around the and axis are obtained by cyclic permutation. All ( = ) can be obtained by rotation around three orthogonal axes. Table 1 shows the principal values of the quadrupole interaction ) and the direction cosines with respect to the crystal axes at 338 K are also shown in Table 1 . The EFG tensor, averaged 
where ( 2 ) are the parameters of the nonaveraged tensor. ( ) are the Euler angles for the transformation from the molecular axes to the principal axes system of the non-averaged quadrupole tensor. Assuming that the molecular axes coincide with the crystal axes in phase IV and using ( re ) obtained at 338 K was (57 kHz, 0.01), and the principal axis of the EFG tensor almost coincided with the 3 axis. Since the experimental results agreed with the theoretical prediction, the principal components and the direction cosines obtained at 283 and 383 K are considered to be reasonable. 2+ ions along the 3 axis, as shown in Figure 3 . The site frequency is written by the second-order Wigner rotation matrix (2) ( ) as [9 -11, 15 -18] 2¯ ( 4) where ( ) are the Euler angles for the transformation from the laboratory axes to the molecular axes. The rotational phase modulation can be given as [19 -21] 
Here, 1 is a vector written by 1 = (1, 1, 1) . A vector of site population was assumed as P = (1/3, 1/3, 1/3). The signal of the sample of the single crystal is given by
The spectrum was obtained by Fourier transform of ( ). 2+ around the 3 axis exactly, since the spectra were almost insensitive to the modulated structure. On the other hand, the spectra at = 135 were sensitive to the modulation. The modulational amplitude (∆ ) could be determined by the simulation of the spectra at = 135 using estimated from the simulation at = 90 . In our model, the rotational modulation of [Mg(H 2 O) 6 ] 2+ influenced on the spectra at = 135 not to produce the 'edge singularities' [19, 20] but to reduce the linewidth. This effect can be explained as follows: The signal for the different orientation of [Mg(H 2 O) 6 ] 2+ arising from the rotational modulation is added in (8) , and the linewidth and the intensity of the spectrum transformed from each signal can be distinct owing to the reorientation of [Mg(H 2 O) 6 ] 2+ . As a consequence, the resulting spectrum is dominated by the narrower and stronger spectrum if it exists. At 338 K, and ∆ were estimated as 7 7 10 5 s 1 and 23 , respectively. The temperature dependence of , obtained by the spectral simulation in phase II, is shown in Figure 4 . Assuming an Arrhenius relation, is given by [9] . We believe that the former is better than the latter, because in this study the spectra were analyzed by separating the effect on the spectral shape of the motion of [Mg(H 2 O) 6 ] 2+ and that of the modulated structure. Figure 5 shows the temperature dependences of the 2 H NMR quadrupole splitting, 2(∆ ), in phases I and II. Entering into phase II on heating, the spectrum changed suddenly. At = 90 the spectrum was hardly observed below ca. 330 K in phase II because of the exchange broadening due to the reorientation of [Mg(H 2 O) 6 ] 2+ around the 3 axis. This shows that the II-III transition ( c = 307 K) is closely related to the freeze of the motion of [Mg(H 2 O) 6 ] 2+ . Above ca. 330 K, the spectrum which consists of two peaks leading to one 2(∆ ) did appear, and motional narrowing occurred with increasing temperature. At = 135 the peaks of the spectrum were so intense even at low temperatures that we could determine 2(∆ ). This is because the spectrum at = 135 is dominated by not only the reorientation but the modulated structure of [Mg(H 2 O) 6 ] 2+ , as described above. A change in 2(∆ ) due to the phase transition was observed at around 343 K. Since the change at = 135 was larger than that at = 90 , the transition at 343 K is predicted to be related with the rotational modulation of [Mg(H 2 O) 6 ] 2+ . A large change in 2(∆ ) due to the I-II transition was not observed. This agrees with the normal-incommensurate transition being of second order. 
Conclusions
